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The thermal stability and tribological performance of silicon-and oxygen-incorporated diamond-like carbon films were investigated. The DLC-Si-O films were deposited using plasma-based ion implantation (PBII) method. The deposited films were annealed at 400
• C, 600
• C, and 750
• C for 1 hour in vacuum, in argon, and in air atmospheres. Film properties were investigated using the Fourier transforms infrared spectroscopy, Raman spectroscopy, energy dispersive X-ray spectroscopy, and a ball-on-disk friction tester. The structures of the DLC-Si-O films with a low Si content (≤25 at.%Si, ≤1 at.%O) and high Si content (>25 at.%Si, >1 at.%O) were not affected by the thermal annealing in vacuum at 400
• C and 600
• C, respectively, while they were affected by thermal annealing in argon and in air at 400
• C. Film with 34 at.%Si and 9 at.%O after annealing demonstrated almost constant atomic contents until annealing at 600
• C in vacuum. The friction coefficient of DLC-Si-O films with 34 at.%Si and 9 at.%O was shown to be relatively stable, with a friction coefficient of 0.04 before annealing and 0.05 after annealing at 600
• C in vacuum. Moreover, the low friction coefficient of film annealed at 600
• C in vacuum with 34 at.%Si and 9 at.%O was corresponded with low wear rate of 1.85 × 10 −7 mm 3 /Nm.
Introduction
Diamond-like carbon (DLC) coatings are metastable amorphous films that exhibit unique combinations of properties such as high hardness and elastic modulus, low friction coefficients, optical transparency, good wear resistance, and excellent corrosion resistance. Hence, these films are commonly applied as wear-resistant protective coatings in magnetic storage, automobiles, tooling, and biomedical applications [1] [2] [3] . Methods for creating DLC films include magnetron sputtering deposition (MSD), ion beam-assisted deposition (IBAD), plasma-assisted chemical vapor deposition (PACVD) or plasma-enhanced chemical vapor deposition (PECVD), and plasma-based ion implantation (PBII) [4] [5] [6] [7] . However, DLC films have several known limitations. Depending on the environment, the films can have a poor friction coefficient and limited friction endurance, as well as low adhesion between the film and substrate due to high intrinsic compressive stress. Furthermore, DLC films have low thermal stability at higher working temperatures. It has been reported that DLC films maintain stable properties up to approximately 400 • C; the graphitization process of the samples starts at this temperature, as revealed by the increasing ratio of D and G peaks of the Raman spectra [8] . Silicon incorporation into DLC has been proven to overcome some of the stated drawbacks, including low intrinsic compressive stress, good adhesion, and mechanical resistance [9] . When both silicon and oxygen are incorporated into DLC films, substantial structural modifications occur. Other authors claim to have obtained a material that consists of an atomic-scale composite of random networks of carbon and silicon in which the carbon network is stabilized by hydrogen and the silicon network is stabilized by oxygen. Silicon-oxide-containing DLC presents interesting mechanical, tribological, and optical properties as well as higher thermal stability and fracture toughness [10] . In earlier studies by Choi et al. [11] , the properties of films with a high Si content (29 at.%) annealed at 500
• C in air exhibited a high friction due to creation of cracks on the worn surface. In [12] by Venkatraman et al., the wear rate of 2 Advances in Materials Science and Engineering the films was low and drastically increased to 10 −6 mm 3 /Nm after annealing in air at 400
• C and 500
• C. The film with 17.3 at.% Si exhibited friction properties of 0.05 and >0.2 after annealing in air at 500
• C and 600 • C [13] . Plasma-based ion implantation (PBII), also known as plasma immersion ion implantation (PIII), was initially developed by Conrad and Castagna [14] . PBII was developed to improve the properties of DLC films [15] . In this method, samples are immersed in plasma and biased to a negative potential. A plasma sheath then forms, and accelerated ions bombard the exposed surface of the samples. This is a relatively new method that has been shown to be effective for surface modification [16] . Additionally, the unique advantages of PBII include a low working temperature of less than 100
• C. This low working temperature avoids film quality degradation, such as loose and rough surface structure, and avoids DLC graphitization caused by normal chemical vapor deposition and plasma laser deposition, which are performed at higher working temperatures [17] . Additionally, PBII has a high ion energy (implanting voltage), which is helpful for transferring sp 2 bonds to sp 3 bonds and creating DLC films rich in sp 3 bonds with high hardness and good tribological properties [18] .
In this paper, plasma-based ion implantation (PBII) was utilized to prepare DLC-Si-O films using acetylene (C 2 H 2 ), TMS (C 4 H 12 Si), and oxygen (O 2 ) as precursors. The deposition was performed as a function of the C 2 H 2 : TMS : O 2 ratio at a deposition pressure of 2-6 Pa. The aim of the study was to investigate the effects of silicon and oxygen contents on the thermal stability and tribological performance by using annealing temperatures of 400-750
• C in vacuum, in air, and in argon atmospheres. Film properties were investigated by the Fourier transforms infrared (FT-IR) spectroscopy, the Raman spectroscopy, energy dispersive X-ray spectroscopy, and a ball-on-disk friction tester.
Experimental Details
A schematic of the PBII apparatus used for the deposition of DLC-Si-O films on silicon wafer was previously shown [19] . Si (100) wafers, 0.7 mm thick, were used as substrates. The wafers were sputter cleaned with Ar + for 20 min to remove surface contaminants and surface oxides using a bias voltage of −10 kV. Using a bias voltage of −20 kV, the DLC film interlayer was first deposited with CH 4 for 60 min to improve the adhesion between the film and the substrate. The DLC-Si-O films were deposited from gaseous mixtures of C 2 H 2 : TMS : O 2 (acetylene, tetramethylsilane (C 4 H 12 Si), and oxygen) at five different ratios: 14 : 1 : 2, 28 : 1 : 2, 46 : 1 : 2, 67 : 1 : 2, and 89 : 1 : 2. The gas flows of TMS and O 2 were kept constant at 1 and 2 sccm, respectively. The deposition pressure was set to 2-6 Pa, and total deposited thickness of all films was approximately 500 nm. The bias voltage was set to −5 kV, at an RF power of 300 W. The pulse frequency was set to 1 kHz at a pulse width of 5 µs and a pulse delay of 25 µs. The pure DLC film was also deposited on Si substrate using C 2 H 2 gas by the same deposition process at 2 Pa deposition pressure. The DLC-Si-O films were used to investigate various annealing temperatures and atmospheres. The deposited DLC-Si-O films were annealed (held at temperature) at 400
• C in vacuum (≈ 1 × 10 −4 Pa), in air, and in argon atmospheres for 1 hour.
The thermal stability and tribological performance of DLC-Si-O films were studied using several characterization techniques. The chemical structure of the grown films was analyzed using the Fourier transform infrared (FT-IR) spectroscopy in the wave number range between 500 and 4000 cm −1 . The structure of films was analyzed using the Raman spectroscopy (JASCO NRS-1000 DT, beam diameter = 4 µm, and wavelength = 532 nm). The Raman spectra in the wave number of 1000-1800 cm −1 were deconvoluted into the Gaussian D and G peaks. The integral area under the G and D peaks is determined by curve fitting. The composition at the top surface of the films was measured using energy dispersive X-ray spectroscopy (EDS). The internal stress was determined by measuring the film curvature by stylus profilometry and by applying Stoney's equation, as described in detail in the literature [20] . The tribological performance of the films was measured using a ball-on-disk friction tester (CSEM; Tribotester). In the friction test, a dry sliding test was performed using a ball indenter, AISI440C (SUS440C, diameter of 6.0 mm), under a normal applied load of 3 N, rotation radius of 3 mm, linear speed of 31.4 mm/s, and 10,000 frictional rotations. The tests were performed under ambient air at room temperature. The area of an abraded cross-section of the wear mark was measured after friction tests to calculate specific wear rate. range, and Si-C stretching in the 800 cm −1 region. A very weak C=C stretching peak appears at around 1580 cm −1 , and a Si-H stretching peak appears in 2100 cm −1 region. It should be noted that the Si-O absorption band appears in the present, especially for the film at 2 Pa deposition pressure. The Si-O stretching peak reveals that the films deposited consist mainly of Si : O networks with contribution from the Si-C bond. The Raman spectra of the DLC-Si-O films before annealing (as deposited) are shown in Figure 2 . The position of the G peak is related to bond-angle disorder or sp 3 bonding content, whereas the I D /I G ratio is proportional to the ratio of sp 2 /sp 3 [21, 22] . These two factors play the most important roles in determining the Raman spectra. In particular, the ratio of sp 2 /sp 3 is one of the most important factors governing the quality of the DLC films. Generally, as the ratio decreases, the properties of DLC films approach the properties of diamond. The DLC-Si-O films fabricated in this experiment show a broad spectrum composed of a D peak (1,350 cm −1 ) and a G peak (1,580 cm −1 ), which is similar to the peaks observed in conventional DLC films. As shown in Figure 2 , the pure DLC film without Si content shows a typical diamond-like structure with a G peak at 1,535 cm The I D /I G intensity ratios of the DLC-Si-O films before and after annealing in vacuum, in argon, and in air atmospheres are shown in Figure 3 . As shown in Figure 3(a) , the I D /I G ratio in the DLC-Si-O films after annealing in a vacuum started to increase at an annealing temperature of 400
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• C and then significantly increased over 600
• C at Si and O contents to 25 at.%Si and 1 at.%O. The films at higher Si and O contents of >25 at.%Si and >1 at.%O showed an almost constant I D /I G ratio until 600
• C, and the I D /I G ratio significantly increased over 600
• C. Such an increase in the I D /I G ratio for the films means an increase in the number or size of graphitic domains [23] . In other words, an increase in sp 2 bonds (sp 3 decreases) and the formation of sp 2 clusters lead to a loss of film hardness and wear resistance. As shown in Figures 3(b) and 3(c) , the I D /I G ratio in the films after annealing in argon and in air both drastically increased until annealing at 400
• C, and the films were completely destroyed at 600
• C. This indicates that the graphitization of the film can be inhibited in vacuum at high annealing temperature.
In view of the above, the structures of the DLC-Si-O films with a low Si content (≤25 at.%Si, ≤1 at.%O) and high Si content (>25 at.%Si, >1 at.%O) were not affected by the thermal annealing in vacuum at 400
• C. Moreover, the graphitization in the films is drastically increased on annealing at 400
• C in argon and in air, and the film was completely destroyed at 600
• C. Table 1 lists the measured carbon, silicon, and oxygen contents in relation to C 2 H 2 gas flow, while TMS and O 2 were kept constant at 1 and 2 sccm, respectively. The carbon, silicon, and oxygen concentrations measured at the top surface were measured using EDS, and values are always given in units of atomic percent (at.%). Because hydrogen content cannot be measured using EDS, concentrations are normalized to a total of 100 at.%, neglecting the hydrogen contribution. As the C 2 H 2 gas flow increased, the deposition rate linearly increased from 3 to 9.2 nm/min, the contents of C in the films increased, and the content of Si and O correspondingly decreased. The variation of composition at different C 2 H 2 gas flow seems to be correlated with a different decomposition rate of gaseous precursors at a given C 2 H 2 gas flow. For low C 2 H 2 gas flow, the molecules of TMS and O 2 are easily and highly decomposed, leading to a higher fraction of Si and O content in the films. For higher C 2 H 2 gas flow, however, the decomposition of C 2 H 2 gas becomes active, leading to a higher fraction of C in the films. For the internal stress results, the DLC-Si-O films with low O content (<1 at.%) exhibit an internal stress increase from 0.23 to 0.32 GPa with silicon incorporation up to 25 at.%. It is clear that the internal stress decreases with silicon and oxygen incorporation at >25 at.%Si and >1 at.%O. Figure 4 shows the relative atomic content before and after annealing in vacuum, in argon, and in air, with 2 Pa (34 at.%Si, 9 at.%O) at the top surface of DLC-Si-O films. The films annealed in vacuum showed almost constant atomic contents of C, Si, and O until annealing at 600
Relative Atomic Content and Internal Stress of the DLCSi-O Films.
• C, and O content in the films started to increase at annealing temperatures over 600
• C. As shown in Figures 4(b) and 4(c), the O content increased, while the C content decreased until annealing at 400
• C, and the film was completely destroyed at 600
• C in argon and in air. This result can be attributed to the formation of silicon oxide on the films during the thermal annealing. These results imply that oxygen from the air reacted with the Si-O network instead of carbon in the films annealed in air and in argon, and the given temperature resulted in a structural transition of the films, as mentioned earlier. In the case of annealing in air, more oxygen atoms are incorporated in the formation of silicon oxide on the films compared to annealing in argon or in vacuum. The result indicates that the O content increased with increasing annealing temperature, and thus the relative content of carbon decreased.
Friction Coefficient and Wear Properties of the DLC-Si-O Films.
The friction coefficients of DLC-Si-O films measured under ambient air are shown in Figure 5 .
The influence of the Si and O content on the friction coefficient of DLC-Si-O films was examined ( Figure 5 ). The pure DLC film had an unstable friction coefficient and failed during tests, while DLC-Si-O films had a stable and lower friction coefficient and longer friction endurance due to the silicon and oxygen incorporated in the film. At Si and O contents of 34 at.%Si and 9 at.%O, the film is relatively stable and demonstrates a considerable improvement in tribological performance, with a friction coefficient of 0.04. This low friction coefficient is related to the formation of silicon-rich oxide debris and the transferred layers of the silicon oxide on the steel ball surfaces [24] . The transferred silicon oxide on the steel balls that slide against the 34 at.%Si and 9 at.%O was detected by SEM, as shown in Figure 6 , which depicts a micrograph of the SUS440C ball after 10,000 rotations in the friction test. The silicon oxide is shown in the white rectangular area in the figure. This silicon oxide layer prevents direct contact between the DLC-Si-O film and the ball when sliding, resulting in low friction forces. However, pure DLC film and the as-deposited DLC-Si-O film with the Si and O contents of 25 at.%Si and 1 at.%O exhibit a high friction coefficient due to high internal stress in the film. These data are presented in Table 1 .
The friction coefficients of DLC-Si-O films after annealing in vacuum, in argon, and in air are shown in Figure 7 . Both results indicate that the friction coefficient of DLCSi-O films increased with increasing annealing temperature in vacuum, in argon, and in air. It is speculated that the film hardness decreases with increasing graphitization and annealing temperature, as concluded from I D /I G intensity ratio. In earlier studies by Yang et al. [25] , it was shown that the DLC films started to be graphitized, which results in softening of the annealed film surface. The increased friction coefficient must be caused by the increased frictional force, which is the product of the contact area and the shear strength at the ball-film interface. In fact, the decreased film hardness and elastic modulus with annealing causes difficulties in supporting the load, which can increase the contact area at the ball-film interface. Hence, with a decrease of film hardness and elastic modulus and an increase in graphitization, the friction coefficient could tend to increase. The specific wear rate results of the DLC-Si-O films deposited with 2 Pa (34 at.%Si, 9 at.%O) before and after annealing in vacuum, in argon, and in air are shown in Figure 8 . It is clear that the specific wear rate significantly increases with annealing in argon and in air, while it remains relatively constant until 600
• C in vacuum. The results indicate that the friction coefficient and wear rate of DLC-Si-O films increased with increasing of the annealing temperature in argon and in air while staying constant up to 600
• C in vacuum with 34 at.%Si and 9 at.%O corresponds with lower film wear rate of 1.85 × 10 −7 mm 3 /Nm.
Conclusions
The DLC-Si-O films were prepared on Si (100) wafers by the PBII method. The study investigated the effects of silicon and oxygen contents on the thermal stability and tribological performance of the films. This was accomplished by using annealing temperatures between 400
• C and 750
• C in vacuum, in air, and in argon atmospheres. Film properties were investigated by the Fourier transforms infrared (FT-IR) spectroscopy, the Raman spectroscopy, energy dispersive Xray spectroscopy, and a ball-on-disk friction tester. The major results obtained are as follows.
(1) FT-IR and the Raman spectra results show that the structure of the DLC-Si-O films with a low Si and O content (≤25 at.%Si, ≤1 at.%O) and high Si and O content (>25 at.%Si, 1> at.%O) was not affected by thermal annealing in vacuum at 400
• C and 600 • C.
(2) DLC-Si-O films with 34 at.%Si and 9 at.%O show almost constant atomic contents until annealing at 600
• C in vacuum. The O content increased, while C content decreased until annealing at 400
• C and completely destroyed at 600
• C in argon and in air, which can be attributed to the formation of silicon oxide on the films during the thermal annealing.
(3) The friction coefficient and wear properties of the DLC-Si-O films at Si and O contents of 34 at.%Si and 9 at.%O are relatively stable and demonstrate a considerable improvement in tribological performance. The friction coefficient was 0.04 before annealing and 0.05 after annealing to 600
• C in vacuum. Moreover, the low friction coefficient of film annealed to 600
• C in vacuum with 34 at.%Si and 9 at.%O corresponds with a decrease in the wear of the films of 1.85 × 10 −7 GPa.
